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Abstract Species that shelter in a biogenic habitat can
inﬂuence their refugia and, in turn, play an essential role in
shaping local patterns of biodiversity. Here we explore a
positive feedback loop between the provisioning rate of
habitat-forming branching corals and their associated ﬁshes
and show how interactions between two groups of ﬁsh—
the planktivorous damselﬁsh and predatory hawkﬁsh—
altered the feedback. A ﬁeld experiment conﬁrmed that
skeletal growth of branching coral (genus Pocillopora)
increased substantially with increasing numbers (biomass)
of resident ﬁshes, likely because they greatly increased the
interstitial concentrations of nutrients. Because there is a
positive relationship between colony size and number
(biomass) of associated ﬁshes (primarily damselﬁshes in
the Family Pomacentridae), a structure–function feedback
loop exists in which increasing numbers of damselﬁsh
enhance coral growth and larger corals host greater abun-
dances (and species richness) of ﬁsh. However, interactions
between damselﬁshes and arc-eye hawkﬁsh, Paracirrhites
arcatus, a largely solitary resident, can disrupt this positive
feedback loop. Field surveys revealed a marked pattern of
ﬁsh occupancy related to coral size: Pocillopora colonies
of sufﬁcient size to host ﬁsh ([40 cm circumference) had
either groups of damselﬁsh or an arc-eye hawkﬁsh; only
larger colonies ([75 cm) were occupied by both the
damselﬁsh and hawkﬁsh. Subsequent short- and long-term
experiments revealed that on intermediate-sized Pocillo-
pora colonies, arc-eye hawkﬁsh prevented the establish-
ment of damselﬁsh by suppressing their recruitment. The
demographic consequences to the host coral were sub-
stantial; in a 1-year-long experiment, intermediate-size
Pocillopora occupied by hawkﬁsh grew at half the rate of
corals that hosted groups of damselﬁsh. These ﬁndings
indicate that: (1) species which occupy a biogenic habitat
can enhance the provisioning rate of their habitat; (2) such
positive feedbacks between community structure and eco-
system function can be disrupted by a strong interactor; (3)
even substantial consequences on ecosystem processes that
arise can be difﬁcult to discern.
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Introduction
There is growing appreciation that structural aspects of a
community can simultaneously be a cause and a conse-
quence of an ecological rate process (Cardinale et al.
2006). This concept has motivated contemporary interest in
understanding reciprocal structure–function feedbacks,
together with factors that affect their strength. To date, this
perspective has been applied to biodiversity-related ques-
tions (Reiss et al. 2009), such as the nature of reciprocal
relationships and feedbacks between species diversity and
resource availability (Cardinale et al. 2006), disturbance
(Hughes et al. 2007), or productivity (Cardinale et al.
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essential habitat patches can help shape local patterns of
biodiversity (Holbrook et al. 1990; Debinski et al. 2001). It
is common for habitats important in supporting biodiver-
sity to be biogenic (e.g., trees, giant kelp, coral). Interac-
tions among species associated with a biogenic habitat
have the potential to alter such key ecosystem processes as
photosynthesis (King and Caylor 2010) or habitat provi-
sioning (Holbrook et al. 2008), which in turn can have
consequences for biodiversity and other important com-
munity attributes. For example, anemoneﬁsh increase the
growth rate of their host anemones (Holbrook and Schmitt
2005), which enhances local biodiversity by enabling the
coexistence of inferior space competitors (Schmitt and
Holbrook 2003; Holbrook and Schmitt 2004). Positive
feedback loops may occur commonly between biogenic
habitat and one or more associated species. Such mutual-
istic relationships range from ants on acacia trees in Afri-
can savannah (Palmer et al. 2008; King and Caylor 2010)
to ﬁshes sheltering on branching corals on tropical reefs
(Holbrook et al. 2008).
While mutualisms are vital elements of community
structure and ecosystem function (Bronstein 1994; Wilson
and Nisbet 1997; Bronstein et al. 2003; Bruno et al. 2003;
Stanton 2003; Cahill et al. 2008; Callaway et al. 2008;
Gross 2008; Segraves 2008), factors that maintain and
break down these reciprocally positive interactions are not
fully understood (Palmer et al. 2008). Several different
mechanisms can impact the spatial and/or temporal
strength of the positive feedbacks between partners. Some
are intrinsic to the participating species. For example, one
partner can control the strength of the beneﬁt, such as in
plant–mycorrhizal interactions. In these instances, plants
can selectively interact with a particular mycorrhizal
partner that results in a higher beneﬁt (Heath and Tifﬁn
2009) or differentially reward with nutrients a species that
is more beneﬁcial (Bever et al. 2009). Mutualisms also can
be interrupted by the action of extrinsic factors, such as
abiotic disturbances that reduce the availability of one of
the partners. When severe drought resulted in a prolonged
lack of ﬂowers on ﬁgs (Ficus spp.) in lowland forests of
Borneo, there was a corresponding loss of local populations
of their species-speciﬁc pollinators [ﬁg wasps (Agaonidae);
Harrison 2000]. Similarly, mismatch in onset of ﬂowering
and in ﬁrst appearance dates of pollinators due to different
phenological responses to climate warming may affect
persistence of the interacting species (Hegland et al. 2009).
Biotic interactions, such as predation, herbivory, and
interspeciﬁc competition, represent another major pathway
to the modiﬁcation of reciprocally positive interactions.
One partner can be competitively displaced by a less
beneﬁcial one, such as when invasive species of insects
pollinate or disperse seeds more poorly than the native
species (Dohzono et al. 2008; Rowles and O’Dowd 2009)
or disrupt the pollination behavior of the latter (Dohzono
et al. 2008; Hansen and Mu ¨ller 2009). Spiders can nega-
tively affect (both as predators and competitors) hemipt-
erans that are digestive mutualists of the carnivorous plant
Roridula (Anderson and Midgley 2002). In contrast,
mutualistic interactions are sometimes promoted by other
species in the community. Large herbivores help foster the
ant–plant mutualism in acacia tress in the African savannah
(Palmer et al. 2008), and interactions between symbiotic
ants and herbivores can enhance the rate of tree photo-
synthesis (King and Caylor 2010). Thus, such multispecies
interactions are increasingly being recognized as having
important consequences not only for the strength and per-
sistence of mutualisms, but also for their effect on key
ecosystem processes.
Factors that greatly modify mutualisms can have espe-
cially strong effects on biodiversity and ecosystem function
when a participant is a biogenic habitat that is foundational
to the community. Stony corals on tropical reefs are a case
in point; they provide an essential habitat for a wide range
of taxa including ﬁshes, crabs, bivalves, shrimps, and
sponges. In turn, these species can confer important beneﬁts
to the coral, including provision of nutrients (Meyer and
Schultz 1985a, b; Mokady et al. 1998; Holbrook et al.
2008), removal of sediments (Stewart et al. 2006), protec-
tion from predators (Pratchett et al. 2000; Pratchett 2001),
modulation of hydrodynamic conditions (Goldshmid et al.
2004), and enhancement of growth (Meyer and Schultz
1985b; Liberman et al. 1995; Holbrook et al. 2008). Coral-
associated ﬁshes and invertebrates obtain beneﬁts from the
host, including food, sites for attachment and, very com-
monly, refuge from predation. We previously explored the
positive effects of damselﬁsh on skeletal growth of their
host corals (Holbrook et al. 2008). Here we build on those
ﬁndings by (1) describing the positive structure–function
feedback loop between ﬁsh abundance and rate of habitat
provisioning, and (2) exploring how interactions between
groups of sheltering ﬁshes inﬂuence the feedback and thus
alter the provisioning rate of their habitat.
In lagoons of Moorea, French Polynesia, branching
corals in the genus Pocillopora are occupied by a number
of species of ﬁsh, including planktivorous damselﬁshes in
the Family Pomacentridae that can form large groups and
predatory arc-eye hawkﬁsh (Paracirrhites arcatus) that
typically occur singly (Holbrook et al. 2008; Kane et al.
2009; Schmitt et al. 2009). The mortality of juvenile yel-
lowtail dascyllus (Pomacentridae) is much higher when
they co-occur with arc-eye hawkﬁsh on a coral. Arc-eye
hawkﬁsh directly consume the dascyllus and also compete
with them for enemy-free space within the coral shelter
(Schmitt et al. 2009). Because damselﬁshes can enhance
at least short-term skeletal growth of branching corals
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survivorship of recently settled damselﬁsh through trophic
and competitive interactions (Schmitt et al. 2009), this web
of interacting species affords an ideal model system to
evaluate the indirect effect of biotic factors in modifying
habitat provisioning by altering the strength of reciprocally
positive feedbacks.
Methods
Fieldwork was conducted in lagoons on the north shore of
Moorea, French Polynesia (17300S, 149500W). A barrier
reef surrounds the island and forms lagoons ranging from
0.8 to 1.3 km in width and water depth of 3–7 m. The
lagoon bottom comprises a mosaic of patch reefs, coral
rubble, and sand.
The reciprocally positive feedback between damselﬁsh
and their coral hosts
Effect of resident ﬁsh on coral growth rate
A ﬁeld experiment tested the effects of resident ﬁsh on
growth rates of Pocillopora. This was done by transplant-
ing two small, pre-weighed ‘‘nubbins’’ of Pocillopora ey-
douxi (hereafter Pocillopora) into each of 20 mature host
colonies, half of which (selected at random) had their
resident ﬁshes removed. The nubbins, each approximately
3 cm in length and 1 cm in diameter, were collected from
four donor corals located on the shallow forereef and
transported submerged to the laboratory. A small hole was
drilled at the base of each nubbin prior to buoyant weighing
(Davies 1989), and then the nubbin was secured onto
3 9 3-cm squares of plastic using cable ties. Nubbins were
kept in the laboratory on outdoor water tables with ﬂow-
through seawater for 24 h following mounting, then
transported (continuously submerged) to the ﬁeld, assigned
at random to treatment, and afﬁxed within the interior of
the branching structure of a host coral in a manner that
prevented tissue contact between nubbins and the host
coral. Host Pocillopora were essentially spherical and had
a mean circumference of 140.9 cm (range 86–190 cm).
Each host colony was surrounded by a 1-m in diameter,
1-m tall fence made of galvanized steel mesh (size 1 cm).
To establish the treatments, all resident ﬁshes were
removed from ten randomly selected corals using a mild
ﬁsh anesthetic at least 2 days prior to the outplanting of
nubbins, and tops (1-cm mesh) were immediately placed on
these fences to form a ﬁsh exclusion cage. Resident ﬁshes,
almost all of which were yellowtail dascyllus (Dascyllus
ﬂavicaudus), were not removed from the remaining ten
corals, and these fences remained open at the top; resident
ﬁshes continued to associate with these corals, feeding and
sheltering normally. Divers conducted periodic counts of
the ﬁshes associated with each host coral throughout the
experiment. Shortly after the nubbins were outplanted, one
of the corals within the ﬁsh exclusion cages was re-colo-
nized by a total of four ﬁshes. To prevent disturbance to the
outplanted nubbins, these individuals were not removed.
All coral nubbins were returned to the laboratory and re-
weighed after 30 days. Nubbin performance was quantiﬁed
as the increase in the mean skeletal mass (grams) of the two
nubbins outplanted within each coral divided by the number
of days in the ﬁeld (hereafter referred to as skeletal growth).
We tested the effect of the presence or absence of ﬁsh on the
mean growth of nubbins with a t test. The relationship
between initial skeletal mass of the nubbins and mean daily
skeletal growth (grams/day) for the two treatments was
explored using analysis of covariance (ANCOVA). We
performed a similar experiment during 2005 in the same
locality of the lagoon (described in Holbrook et al. 2008).
Nubbin growth (g/day) for each of these two sets of
experiments was plotted against the number of resident ﬁsh
on each coral, and differences in the two relationships were
tested with ANCOVA. Since size-structure of the resident
ﬁsh was similar among replicates and years, there was no
qualitative difference in the relationships if ﬁsh biomass
rather than number was used in the analyses.
Patterns of abundance and species richness
of ﬁsh in Pocillopora
A survey of 295 colonies of Pocillopora eydouxi in the mid-
lagoon quantiﬁed the patterns of abundance of non-cryptic
resident ﬁshes. Divers measured the dimensions of each
coral (length, width, height, circumference) and counted
and estimated the sizes of associated non-cryptic species of
ﬁsh. Coral colonies were placed into the following size
(circumference) classes:\45 (N = 40), 45–74 (N = 47),
75–105 (N = 88), 105–134 (N = 76), and C135 cm
(N = 44). The mean ﬁsh species richness, mean number of
individuals, and the mean number of early life stages (new
settlers and recruits\1 month old) were calculated for each
group. Differences in these characteristics among corals of
different sizes were tested with one-way analysis of vari-
ance (ANOVA).
Disruption of the feedback loop
Patterns of damselﬁsh and hawkﬁsh co-occurrence
on Pocillopora
The 295 corals in the survey were assessed with respect to
the combination of planktivorous damselﬁsh and predatory
species they hosted. Each coral was placed into one of four
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eye hawkﬁsh (Paracirrhites arcatus) present, (3) arc-eye
hawkﬁsh, but not damselﬁsh present, and (4) both hawkﬁsh
and damselﬁsh present. The proportion of the corals in the
ﬁve size categories described above that hosted each
combination of species was calculated. In the survey, yel-
lowtail dascyllus and humbug dascyllus (Dascyllus aru-
anus) were the most prevalent pomacentrids associated
with Pocillopora, particularly among ﬁshes that were older
juveniles, subadults, and adults (and thus able to provide a
signiﬁcant nutrient beneﬁt to their hosts; Holbrook et al.
2008). The mean abundances of these species on corals
with or without hawkﬁsh also present were calculated for
three size classes of Pocillopora, namely, circumference of
45–74, 75–104, and C105 cm. Only corals that hosted ﬁsh
were used in this analysis.
Mechanisms of hawkﬁsh effects on damselﬁsh abundance
and consequences for habitat provisioning
Usingﬁeld observationsand anexperiment,weexplored the
mechanisms by which arc-eye hawkﬁsh affected the distri-
bution and abundance of damselﬁsh. Patterns of larval set-
tlement of ﬁshes from the plankton to the reef were
quantiﬁed daily on a group of 18 medium-sized Pocillopora
coralsthatwehadre-locatedtothemid-lagoon.Afterseveral
months, seven of the corals were colonized naturally by one
or two adult arc-eye hawkﬁsh; these colonies were inter-
mingled among 11 others that were not occupied by hawk-
ﬁsh. During the period of observation, there were no other
resident ﬁshes on the colonies occupied by hawkﬁsh, while
the number of resident ﬁshes on non-hawkﬁsh corals was
very low (mean 1.7 ﬁsh per coral). Settlement of ﬁsh occurs
during the night (Holbrook and Schmitt 1997); conse-
quently, divers visited every coral shortly after sunrise daily
for 19 consecutive days to verify the presence or absence of
hawkﬁsh on the respective coral types and to identify and
count the number of newly settled ﬁshes. All newly settled
ﬁsh were yellowtail dascyllus (Dascyllus ﬂavicaudus).
A 1-year-long ﬁeld experiment tested the effect of
resident hawkﬁsh on the establishment of groups of plank-
tivorous damselﬁshes on Pocillopora. This experiment
involved the transplantation of live heads of Pocillopora to
a sand plain at a water depth of 3 m in the middle of the
Vaipahu Lagoon, where they would be available as habitat
for settling damselﬁshes (primarily yellowtail dascyllus)
during a 12-month period. Twenty corals were collected in
water depths of 3–6 m on the offshore barrier reef, trans-
ported in seawater, and glued to cinder blocks using Z-Spar
Splash Zone Compound (Kop-coat, Pittsburg, PA). Corals
were spaced a minimum of 5 m apart, with greater distances
used between adjacent hawkﬁsh and no hawkﬁsh colonies
to reduce the potential for movement of ﬁsh between
treatments. The 20 outplanted corals were measured
(length, width, height, circumference) and averaged
66.8 cm in circumference (range 57–76 cm). At the start of
the experiment, all ﬁsh were removed from the corals; ten
arc-eye hawkﬁsh were captured by divers using hand nets
and one hawkﬁsh was outplanted to each of ten corals. The
other ten corals did not receive hawkﬁsh. We did not
manipulate the pairs of crabs (Trapezia rufopunctata) that
occurred in each coral. Mean circumference was not dif-
ferent for the groups of corals in the two treatments
(t = 0.61, 2 df, P[0.60). Divers visited the corals every
3 months for 1 year. At each survey, the presence of
hawkﬁsh was veriﬁed on the corals, and all ﬁshes were
identiﬁed and counted and their body size (total length)
estimated. At the ﬁnal survey, each coral was remeasured so
that change in size (and thus habitat provided to ﬁsh) during
the year could be estimated. Initial and ﬁnal volumes were
calculated for each colony as an ellipsoid, and the change in
volume was estimated as [log(ﬁnal volume) - log(initial
volume)]. Difference in growth between corals that hosted a
hawkﬁsh and those that did not was tested by ANOVA.
Fish excrete nitrogenous waste, principally ammonium,
which is a mechanism that has been hypothesized as a
cause for the enhancement of growth of corals (Meyer and
Schultz 1985a, b; Holbrook et al. 2008) and tropical
anemones (Holbrook and Schmitt 2005; Roopin et al. 2008;
Roopin and Chadwick 2009). We undertook laboratory
studies to estimate ammonium production by species of
ﬁshes that associate with Pocillopora (also see Holbrook
et al. 2008). On Moorea, the most abundant residents
in Pocillopora in mid-lagoon areas are damselﬁshes
[yellowtail dascyllus (Dascyllus ﬂavicaudus), bluegreen
chromis (Chromis viridis), and humbug dascyllus (Das-
cyllus aruanus) (Holbrook et al. 2008)]; arc-eye hawkﬁsh
(Paracirrhites arcatus) also are prevalent. In the labora-
tory, a length–biomass relationship for each species was
established by damp weighing measured individuals to the
nearest thousandth of a gram within 1 h of collection from
the ﬁeld. To estimate the production of ammonium as a
function of ﬁsh biomass, individuals of each species rep-
resenting a range of body sizes were captured in the ﬁeld
and maintained in a 50-l aquarium supplied with ﬂow-
through seawater. Because previous studies have shown
that excretion rates of ammonium by ﬁsh can vary widely
over the ﬁrst 24 h subsequent to the last meal (Roopin et al.
2008), ﬁsh were held in the laboratory without feeding for
24 h before they were added individually to closed, aerated
15-l aquaria maintained under natural daylight conditions
on shaded, outdoor water tables and immersed in ﬂow-
through seawater to control ﬂuctuations in water tempera-
ture. An initial 20-ml sample of water was collected from
each aquarium containing ﬁsh into new 25-ml plastic vials
at the beginning and then every 4 h over a period of 24 h.
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neously from two additional aquaria lacking ﬁsh that
served as controls. All water samples were immediately
frozen and stored at -80C for no longer than 2 weeks
before being returned on dry ice to the Marine Science
Institute’s Analytical Laboratory on the campus of the
University of California, Santa Barbara and analyzed using
a Lachat QuikChem 8000 ﬂow injection analyzer (Lachat
Instruments Div., Zellweger Analytics, Poole, Dorset, UK).
Rates of ammonium production by individual species
were estimated from the slopes of the linear relationship
obtained by regressing measured ammonium concentration
(lmoles) against time (hours). To obtain size-speciﬁc pro-
duction rates, we plotted the size (length or mass) of each
individual against its estimated rate of ammonium produc-
tion and performed best ﬁt relationships between ﬁsh body
size and production rate separately for arc-eye hawkﬁsh and
each damselﬁsh species (r
2 values ranged from 0.72 to 0.85;
all P\0.01). These relationships were used with size-
speciﬁc estimates of damselﬁsh and arc-eye hawkﬁsh
abundances on the corals in the year-long ﬁeld experiment
to assess their relative contributions to enriching the local
ﬂux of ammonium on a coral. The estimate was made using
data gathered at the ﬁnal (1 year) survey; one species
(Dascyllus ﬂavicaudus) constituted 98% (by numbers and
biomass) of all damselﬁsh present. Ammonia production for
each ﬁsh observed in the survey was estimated using the
species-speciﬁc best ﬁt relationship between a ﬁsh’s body
size and its production. The production on each coral was
obtained by summing the size-speciﬁc production estimates
for all ﬁshes observed on that host coral, and this variate
was used to calculate the mean [± standard error (SE)]
production for the corals in each treatment (with or without
hawkﬁsh) using corals as replicates.
Data analyses
All statistical analyses were performed using SAS ver. 9.1
(SAS Institute 2003). Tests for normality and homogeneity
of variances were performed in accordance with standard
statistical practices, and when necessary, data were trans-
formed prior to analyses.
Results
The reciprocally positive feedback between damselﬁsh
and their coral hosts
Effect of resident ﬁsh on coral growth rate
In the 2008 experiment, Pocillopora colonies with resident
ﬁsh averaged 25.6 ± 2.74 ﬁsh (mean ± 1 SE), which is
signiﬁcantly more than those in the ﬁsh exclusion treatment
(0.4 ± 0.4 ﬁsh; t9 = 9.10, P\0.001 assuming unequal
variances). Of the resident ﬁsh, 90% were damselﬁsh, and
of these, 70% were yellowtail dascyllus. There was no
signiﬁcant difference in mean initial weight of the coral
nubbins assigned to the two treatments (t38 = 0.17,
P = 0.86 using pooled variances), and all nubbins survived
the 30-day outplant period without showing any signs of
bleaching or tissue damage. Daily growth of coral nubbins
was, on average, 24% greater in the presence than absence
of damselﬁsh (mean with ﬁsh 0.0171 g/day, mean without
ﬁsh 0.0138 g/day), a difference that was statistically sig-
niﬁcant (t18 = 2.39, P\0.03 using pooled variances).
Although the initial mean skeletal mass of nubbins
assigned to the two treatments did not differ, there was
some variation in sizes. We explored the relationship
between initial skeletal mass and subsequent daily growth
for the two treatments with ANCOVA and found a sig-
niﬁcant and positive relationship between initial nubbin
mass and the daily increase in mass (F2,37 = 11.96,
P\0.001); this relationship was the same regardless of
treatment (ﬁsh present or absent; non-signiﬁcant interac-
tion term, F3,36 = 0.25, P = 0.62). Coral nubbins out-
planted into host corals containing ﬁsh exhibited
signiﬁcantly higher average daily increases in mass than
those nubbins that were outplanted into host corals that
lacked ﬁsh (F2,37 = 11.90, P\0.001).
The average effect of damselﬁsh on coral growth in the
2008 experiment was about half that we measured in our
2005 experiment (Holbrook et al. 2008), but this apparent
difference in effect size was related to natural differences
between the trials in the average abundance of damselﬁsh
on colonies. Indeed, nubbin growth was positively related
to the abundance of ﬁsh on the host coral in the same way
in both the 2005 and 2008 trials (Fig. 1; ANCOVA
F1,36 = 11.43, P\0.001), and neither the main effect of
trial (year of experiment) nor the interaction of trial and
ﬁsh abundance was signiﬁcant (both P[0.45).
Patterns of abundance and species richness of ﬁsh
in Pocillopora
Field surveys revealed that Pocillopora rarely hosted ﬁsh
until the coral reached a size of 45 cm in circumference
(Fig. 2). Once past this threshold, the abundance and spe-
cies richness of ﬁsh rose with colony size, with the largest
corals providing the most ﬁsh habitat. Species richness per
coral increased across the range of coral sizes sampled
(Fig. 2a; ANOVA F4,290 = 95.81, P\0.0001) as did the
total number of ﬁsh on a coral (Fig. 2b; ANOVA F4,290 =
10.50, P\0.0001), 97% of which were damselﬁsh. More
ﬁsh recruited from the plankton onto larger than smaller
corals (Fig. 2c; ANOVA F4,290 = 4.09, P\0.003).
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Pattern of damselﬁsh and hawkﬁsh co-occurrence
on Pocillopora
Field surveys revealed that, for coral large enough to host
ﬁsh, colonies of the same size frequently would be occu-
pied by either damselﬁsh or an arc-eye hawkﬁsh (Fig. 3).
The pattern was most striking for colonies in the smallest
category of corals that could host ﬁsh (circumference
45–74 cm): when occupied, these small corals supported
one ﬁsh group or the other and almost never both (Fig. 3).
The majority of medium-sized (circumference 75–104 cm)
Pocillopora also hosted only a hawkﬁsh or damselﬁshes,
but not both. By contrast, the two groups of ﬁshes co-
occurred commonly on larger corals (circumference
C105 cm) (Fig. 3). Overall, the proportion of corals host-
ing both hawkﬁsh and damselﬁsh increased with colony
size. Arc-eye hawkﬁsh tended to be solitary and rarely
occurred in pairs; a single specimen was observed on 75%
of hawkﬁsh-occupied corals, and the mean number of
hawkﬁsh per occupied coral was 1.3.
The pattern of damselﬁsh abundance in the presence
relative to absence of hawkﬁsh also varied with size of the
coral host (Fig. 4). There were substantially fewer damsel-
ﬁsh individuals in the presence of hawkﬁsh on small corals
and medium-sized corals, but no difference in damselﬁsh
numbersinthepresencecomparedtoabsenceofhawkﬁshon
large corals (Fig. 4; coral size category 9 hawkﬁsh cate-
gory interaction: F2,219 = 8.02; P\0.001).
Resident fish (no.)
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size category, respectively. Size categories are based on colony
circumferences (cm). Different letters indicate statistical differ-
ences among categories in the analysis of variance (ANOVA) at
P\0.05
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and consequences for habitat provisioning
The presence of hawkﬁsh drastically reduced successful
settlement of larval damselﬁsh to Pocillopora. Over the
19-day settlement period, divers observed an average of 0.3
damselﬁsh settlers per coral on colonies that hosted an arc-
eye hawkﬁsh, whereas neighboring colonies (of the same
size) that lacked hawkﬁsh averaged greater than ten settlers
over the same period (Fig. 5a; t = 4.88, P\0.003).
Divers visited the corals early each morning and veriﬁed
the presence of settlers from the previous night. We do not
know if potential settlers were able to detect hawkﬁsh-
occupied corals and avoid settling on them, or if they
settled on such corals in the night and were consumed
before the diver counts were made. Our 1-year-long ﬁeld
experiment revealed that suppression of successful
recruitment of young damselﬁsh by arc-eye hawkﬁsh pre-
vented the formation of damselﬁsh colonies on medium-
sized Pocillopora. After 1 year, none of the experimental
corals that hosted a hawkﬁsh was occupied by even a single
damselﬁsh individual, while colonies that lacked hawkﬁsh
averaged 12 juveniles and subadults (Fig. 5b). The differ-
ence in composition of the ﬁsh community that developed
between the two groups of experimental corals had a
marked effect on the long-term growth rate of the habitat.
After 1 year, the increase in volume of corals colonized by
damselﬁsh was about twice that of corals that were occu-
pied by hawkﬁsh (Fig. 5c; one-tailed t test: t18 = 2.04;
P\0.03).
The results of the ﬁeld experiments demonstrate that
damselﬁsh enhance the rate of production of their coral
habitat. One hypothesized mechanism is that resident ﬁsh
enhance the ﬂux of nutrients essential to coral growth on a
highly localized scale; ammonium is the primary nitroge-
nous waste excreted by ﬁshes. Based on coupling our
laboratory-based estimates of size (biomass)-speciﬁc rates
of ammonium production by damselﬁshes with size-spe-
ciﬁc abundance estimates of damselﬁsh groups on experi-
mental corals, we estimate that the average rate of
ammonium excreted by a damselﬁsh group was approxi-
mately 0.98 ± 0.18 (mean ± 1 SE) lmoles l
-1 h
-1 when
the long-term experiment was terminated. By contrast, we
calculate that, on average, an arc-eye hawkﬁsh excretes
approximately 0.41 ± 0.03 lmoles l
-1 h
-1.
Discussion
In our model system, the local abundance of ﬁsh that
shelter on a host coral was simultaneously a cause and a
consequence of the provisioning rate of its biogenic habitat.
The number, biomass, and species richness of ﬁshes that
reside among the branches of Pocilloporid corals generally
scale positively with colony size because larger colonies
provide more habitat space. In a previous long-term colo-
nization experiment in which the amount of initially
unoccupied branching coral was manipulated, we found
that local populations of damselﬁshes generally are
strongly habitat-limited at our study locality (Holbrook
et al. 2000; Schmitt and Holbrook 2000), with both larval
recruitment and per capita survivorship suppressed greatly
by increasing densities of resident damselﬁsh on a host
coral (Schmitt and Holbrook 1999a, b; 2000; Holbrook and
Schmitt 2002, 2003). Hence, factors that enhance the
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123growth of the coral host have cascading effects on the
abundance and richness of the associated ﬁshes. The results
of ﬁeld experiments presented here conﬁrm previous
observations and short-term manipulations (e.g., Meyer
and Schultz 1985a, b; Holbrook et al. 2008) which indi-
cated that the rate of coral skeletal growth scales positively
with the abundance (biomass) of sheltering ﬁsh. While the
precise mechanism for the positive effect of ﬁsh on coral
growth is not conclusively known, it appears to be related
to local nutrient enrichment via excretion of nitrogenous
wastes, primarily ammonium, by ﬁshes, which has been
hypothesized as a cause for enhanced demographic per-
formance of corals (Meyer and Schultz 1985a, b; Liberman
et al. 1995; Holbrook et al. 2008) and tropical anemones
(Porat and Chadwick-Furman 2004, 2005; Holbrook and
Schmitt 2005; Roopin et al. 2008; Roopin and Chadwick
2009).
Whatever the mechanism underlying the effect of ﬁsh on
coral, a reciprocally positive structure–function feedback
loop exists between ﬁshes and their host—the coral pro-
vides refuge space for ﬁshes, which in turn enhance the
production of additional habitat space. The strength of the
feedback is inﬂuenced by the abundance of resident ﬁshes,
with planktivorous damselﬁshes providing the greatest
beneﬁt to their host because they can form large resident
social groups on a colony (Figs. 1, 2; Holbrook et al.
2008). Arc-eye hawkﬁsh also are frequent inhabitants of
Pocillopora colonies, although it is relatively uncommon
for more than a single individual arc-eye hawkﬁsh to occur
on a host coral due to the social structure of this species,
which involves the formation of small (\8 individuals)
territorial harems on spatial scales much larger than a
colony of branching coral (Kane et al. 2009). Because an
averaged-sized arc-eye hawkﬁsh and an adult damselﬁsh
have about the same biomass (and produce ammonium at
roughly the same rate), the difference in social systems
between these ﬁsh groups determines their relative value as
a mutualist partner to the coral. Interactions between
hawkﬁsh and damselﬁsh greatly reduce the abundance and
biomass of sheltering ﬁsh on a colony and, as a conse-
quence, greatly weaken the positive inﬂuence of ﬁsh on the
growth rate of their host. This is particularly the case for
small- to medium-sized colonies where the presence of an
arc-eye hawkﬁsh can keep a coral host entirely devoid of
damselﬁsh by suppressing larval recruitment and sub-
sequent survivorship. This interaction has profound impli-
cations for the dynamics of the coral as the mortality rate of
a colony generally scales inversely to its size (Hughes and
Connell 1987). It also has substantial community-level
consequences because larger coral colonies support a
greater diversity of species (Holbrook et al. 2002).
Understanding factors that inﬂuence the strength of
positive feedbacks between partners in a mutualistic
interaction is essential for predicting its demographic,
population, and community consequences. An increasing
number of studies have documented spatial and/or tempo-
ral variation in the reward quality of mutualisms, and many
of these have identiﬁed interactions with other species as
an underlying cause (Bronstein et al. 2003). Invasive spe-
cies can disrupt existing mutualisms by reducing the
abundance of native partners or by forming new associa-
tions with native and/or introduced species (Liu and
Pemberton 2009; Rowles and O’Dowd 2009). However,
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123interactions with co-mutualist and/or antagonist species
within intact communities also can alter beneﬁts accrued
by the main partners in a mutualism (Bronstein et al. 2003).
In the system we studied, there were dramatic differences
in the beneﬁt conferred on the host coral by the two groups
of mutualist ﬁsh; after 1 year branching corals that were
colonized by damselﬁsh grew twice as much as those that
hosted a hawkﬁsh. Despite the differences in reward they
offer to their coral hosts, both damselﬁsh and hawkﬁsh gain
protection beneﬁts from the association, as they shelter in
the coral by night and, when threatened by predators,
during the day (Holbrook and Schmitt 2002; Schmitt et al.
2009). Protection beneﬁts gained by ﬁsh from their host
corals and other cnidarians (e.g., sea anemones) are well
known, and indeed numerous taxa cannot survive apart
from their host species (Fautin 1991; Fautin and Allen
1997; Holbrook and Schmitt 2002; Munday 2004;
Thompson et al. 2006; Ollerton et al. 2007). The protection
mutualism we studied lies at the heart of a network of
interacting species with intraguild predation, where both
direct and indirect interactions arise from the use of a
structural refuge (Schmitt et al. 2009). In this situation,
mortality of the shared prey (damselﬁsh) is higher in the
presence of two intraguild prey [arc-eye hawkﬁsh and red-
spotted coral crabs (Trapezia rufopunctata)], and all three
are vulnerable to a suite of mobile intraguild predators that
attack from the exterior of the coral (Holbrook and Schmitt
2002). Damselﬁshes suffer high mortality during and just
after settlement, mainly arising from competition for ref-
uge space, rather than direct consumption, by the intraguild
prey (Schmitt and Holbrook 2007; Schmitt et al. 2009). In
this study, damselﬁsh were not able to become established
on medium-sized corals that supported arc-eye hawkﬁsh
during a 1-year-long experiment. Only when branching
corals reach a sufﬁciently large size are hawkﬁsh unable to
defend them against invading groups of older stage dam-
selﬁsh. Thus, hawkﬁsh are able to disrupt the very strong
positive feedback loop between damselﬁshes and host
corals during a substantial portion of the life of the host
Pocilloporid coral.
A number of mutualisms have been identiﬁed in which
one partner can control the strength of the beneﬁt afforded
to the other, or even exert choice among mutualist partners.
For example, host plants can preferentially allocate pho-
tosynthate to (Bever et al. 2009), or selectively interact
with, the most beneﬁcial arbuscular mycorrhizal fungal
symbiont (Heath and Tifﬁn 2009). Although it seems
obvious that it is more beneﬁcial for branching coral hosts
to partner with damselﬁsh, we do not know the degree to
which partner choice mechanisms could be operating in
the system. It is unlikely that a host coral would be able
to actively choose one over another of the ﬁsh mutua-
lists. However, corals exhibit considerable morphological
variation, often in response to physical factors, such as
light and water movement (Kaandorp 1999). Arc-eye
hawkﬁsh prefer to occupy large colonies with an open
branching morphology (Kane et al. 2009), and even young
hawkﬁsh might respond to aspects of colony architecture
during habitat selection. On Moorea, arc-eye hawkﬁsh and
damselﬁsh-occupied branching corals are intermingled in
the same reef habitats, and we do not exclude the possi-
bility that patterns of occupancy are determined merely by
chance encounters between ﬁsh and coral hosts as they
become available (due to death of previous residents or
growth of a small coral to the threshold size for ﬁsh
occupancy).
A number of potential pathways have been identiﬁed by
which direct and indirect interspeciﬁc interactions can
affect the existence and strength of mutualisms (Cahill
et al. 2008; Palmer et al. 2008; Rowles and O’Dowd 2009).
In our system, biotic interactions between mutualists of
different value to their shared partner altered the strength of
positive feedbacks in a structure–function feedback loop.
Our ﬁndings illustrate how species interactions can have
profound community and ecosystem-level consequences
when embedded in a system with reciprocal feedbacks.
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